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In this review, we catalog the 34 human type I cytokine
receptor chains and their 27 cognate ligands together
with those found in the mouse, in Drosophila, and inType I helical cytokines are ligands for receptors struc-
Anopheles, and describe their relatedness to one an-turally related by a common sequence signature. Here
other.we analyze the 27 ligands and 34 human type I cytokine
The Human Genomereceptor encoded by the human genome. We compare
Based on links with the InterPro database, the originalthese to ligands and receptors found in mouse and
automated search on the earliest release of the humaninsects. We describe their structural relatedness to
genome sequence draft revealed 32 type I cytokine re-one another and discuss the evolution of these gene
ceptor chains (Venter et al., 2001). Through a Blastfamilies.
search on the database of predicted proteins encoded
by the human genome (gscan_protein) with sequencesCytokines are secreted mediators for intercellular com-
of all known chains, we found a total of 34 receptormunication. One set of these, the type I cytokines, regu-
chains. In addition to the well-characterized cytokinelates development, differentiation, and activation of im-
receptors, this family also includes the  chain of IL-mune cells and cells of the inflammatory system (Paul
27 (formerly designated EBI3), IL-27R (formerly WSX1/and Seder, 1994; Leonard, 1999). Despite their common-
TCCR) (Pflanz et al., 2002), IL-23R (formerly CRL5) (Par-ality of biological functions, the structural relatedness
ham et al., 2002) and TSLPR (formerly CRL2), as well asof type I cytokines was not immediately apparent. In
the orphan receptor chains GLM-R/CRL3 and Creme9/contrast, cloning of their receptors revealed that the
CRL4. Also, in addition to the known IL9-R pseu-
extracellular regions contained a common domain with
dogenes on chromosomes 9, 10, 16, and 18, putative
four conserved cysteines (C4) in its N-terminal segment
pseudogenes were identified for Creme9 on chromo-
and a tryptophan-serine doublet [(WS)2] near its C-ter- somes 2 and 5 and for gp130 on chromosome 17. Be-
minal end (Bazan, 1990). This 200 amino acid region, cause of their degree of sequence conservation, this list
evolutionarily derived from a tandem of two ancestral of human type I receptor chains is likely to be complete.
fibronectin-like domains, has been named the hemato- Of these 34 chains, 25 perfectly fit to the C4 (WS)2
poietin receptor (HpoR) domain. consensus signature established earlier (Bazan, 1990).
The C4 (WS)2 motif represents a common signature to Of note, exon boundary positions show high conserva-
define what are now designated type I cytokine receptors, tion in all receptor chains. Interestingly, all HpoR do-
by contrast to the type II cytokine receptors, that contain mains are encoded by four exons, and the regions cod-
two cysteine doublets (C2 C2) located in the C-terminal ing for the cytosolic domain are split into two exons,
end of both fibronectin-derived domains (Bazan, 1990). one encoding the Jak1 docking site box1 and a second
Both types of receptors bind ligands with a common encoding the remainder of the cytosolic domains, irre-
spatial four -helix bundle organization and utilize intra- spective of its length.
cellular signaling mediators of the JAK and STAT fami- In contrast to the cytokine receptors, the weak homol-
lies. Thus, type I and II cytokine receptors represent a ogies between type I cytokine primary sequences have
homogeneous structural group of proteins. However, not readily allowed the identification of potential ligands
due to space constraints, type II cytokine receptors and for orphan receptor chains by a conventional Blast
their ligands (interferons, the IL-10 homologs, and the search. Only a refined computationally derived profile
recently identified IL-28-29/IFN family) (Vilcek, 2003, allowed the isolation of the helical subunit of IL-27 (the
and references therein) will not be further discussed in IL-27  chain), whereas its receptor-like  chain and the
this review. IL-27 receptor had already been known as EBI3 and
Despite the homologies seen in type I receptors, evi- WSX-1, respectively (Pflanz et al., 2002). In all, 27 type
I cytokines, 16 long chains and 11 short chains, have
been thus far characterized. Assuming that single li-*Correspondence: jean-louis.boulay@unibas.ch
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gands bind to the two orphan chains, GLM-R/CRL3 and predicted adjacent loci CG15062 and CG5963. Thus, the
Drosophila genome may encode three potential cyto-Creme9/CRL4, it may be that no more than two type I
cytokines have yet to be identified. However, given the kines and two receptors. Which cytokines are ligands
for which receptors has not yet been established.sharing of receptor subunits and their propensity to form
alternative receptors, the existence of additional type I In contrast to mammals, the sequences of the type I
cytokines found in the fruit fly are closely related and nocytokines cannot be ruled out.
The Mouse Genome human os/upd homolog has been found. Exon boundary
positions in os/upd-like genes align with those that gen-Many type I cytokines and receptors were first identified
in the mouse. Screening of the mouse genome data- erally delimit the exons coding for helices B/C and helix
D in mammalian type I cytokine genes, and as we notedbase, now publicly accessible, reveals that all the human
type I cytokines and receptors have unique homologs, earlier in the mammalian cytokine genes, the boundary
positions do not interrupt codons of the secreted pro-with one known exception. In contrast to the single hu-
man IL3-R chain, the murine genome encodes two teins (Boulay and Paul, 1993). Thus, Drosophila os/upd-
like proteins and their receptors present structural fea-distinct IL3-R chains, IL3-R1/AIC2B and IL3-R2/
AIC2A. No other mouse-specific type I receptor chain tures that have been conserved throughout evolution.
The Anopheles Genomehave been identified. Thus, with one additional receptor
chain compared to humans, the murine genome is likely In contrast to Drosophila, analysis of the recently re-
leased sequence of the malaria mosquito Anophelesto encode a total of 35 type I cytokine receptors and
possibly up to 29 type I cytokines, indicating a strong gambiae genome (Holt et al., 2002) revealed only a single
type I receptor chain encoded by the locus agCP8093.conservation of these gene families among mammals.
The Drosophila Genome This chain is 40% to 50% similar to that of Drosophila
dome/mom. However, no sequence homology wasIntracellular signaling in response to type I cytokines is
mediated by Janus tyrosine kinases (JAKs) and signal found with any of the three os/upd ligands identified in
Drosophila. Under the same search conditions, wetransducers and activators of transcription (STATs) (Le-
onard, 1999; Heim, 1999; O’Shea et al., 2002). In the fruit found no evidence for type I cytokine or type I cytokine
receptor genes in the genome of the nematode C. ele-fly Drosophila melanogaster, two loci encoding JAK and
STAT homologs, hopscotch (hop) and stat94/marelle gans, in which no JAK and only a distantly related STAT
protein gene had been identified (The C. elegans Se-(mrl), respectively, had been described based on their
involvement in embryonic development. This pathway quencing Consortium, 1998).
Type I Long Cytokines and Receptorsis activated by the outstretched/unpaired (os/upd) gene
product, for which no receptor had been identified until Earlier structural studies made the distinction between
long and short chain type I cytokines (Boulay and Paul,recently (Zeidler et al., 2000). Surprisingly, the initial au-
tomated search of the completed Drosophila genome 1993; Sprang and Bazan, 1993). Among the 21 human
receptor chains for long type I cytokines, we definedfor open reading frames (Adams et al., 2000) did not
reveal the existence of any type I cytokine receptor chain three structural groups. Group 1, indicated in purple in
Figure 1, includes five single chain receptors with thethat could be a signaling intermediate between upd/os
and hop-mrl. However, Blast searches on the Drosophila simplest structure. Their external regions consist of
HpoR domains only. These receptors activate signalingpredicted protein genome database revealed the exis-
tence of two loci, CG14225 and CG14226, predicted to through homodimerization. Since there was evidence of
group 1 receptors and ligands in lower verterbrates (Onoencode probable type I cytokine receptor chains. In both
cases, the HpoR domain fits the consensus signature et al., 1990), they had been designated as the prototypic
type I cytokines. Evolutionary trees derived from multi-only partially: C4 (WS)1 instead of C4 (WS)2, and is
encoded by only a single exon. In addition to the HpoR ple sequence alignments of this group of receptors and
of their known cognate ligands show complementarydomain, structural similarities also include the immuno-
globulin type C2 (IgC2)-like domains at the N terminus patterns.
Group 2 (Figure 1, red), the largest, contains the tenand the type-III fibronectin (FnIII) domains at the C termi-
nus of the extracellular portion of the putative receptor. human members of the gp130 family plus the Drosophila
and Anopheles chains we identified. Thus, rather thanIn addition, both cytosolic portions possess possible
JAK anchoring sites and potential sites for tyrosine the group1 prototypic receptors, gp130-related chains
are more likely to represent the ancestral forms of typephosphorylation. CG14226 has been shown to encode
the intermediate between upd/os and the hop-mrl sig- I cytokine receptors. In addition to the HpoR domain,
the extracellular region of each of the group 2 receptorsnaling pathway and to correspond to the gene domeless
(dome), also named master of marelle (mom) (Brown et contains either an IgC2 domain at its N terminus, FnIII
domains at its C terminus, or, generally, both. The den-al., 2001).
Earlier studies on the os/upd protein had shown that drogram of group 2 receptors shows that receptors
whose genes were most closely located had the highestits C terminus interacts with heparin, whereas the sec-
ondary structure of its N terminus is predicted to have sequence similarity. Among the genes encoding the
group 2 chains most homologous to gp130, the closelya strong  helix content. In addition to os/upd, we found
two os/upd homologs in the Drosophila genome by a related LIF-R and OSM-R are at 5p13, gp130 and
GLM-R/CRL3 genes are at 5q11, and IL12-R2 and IL23-R/conventional Blast search. One, which we named os3,
corresponds to the predicted locus CG5988. Moreover, CRL5 genes are at 1p31.
The genes for the group 2 receptors that are morebased on gene organization and on exon sequence
alignments, we hypothesize that the second, os2, may divergent from gp130 show chromosome locations ei-
ther in 19p13 (IL27-R/WSX1/CRL1 and IL12-R1) or inresult from a single transcription unit derived from the
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Figure 1. Comparative Evolution Trees of Human and Insect Type I Cytokines and Cognate Receptors
Dendrograms were calculated using the JALVIEW program hosted at the site of the Swiss Institute of Bioinformatics (http://hits.isb-sib.ch/),
based on amino acid sequence alignments produced by the T-COFFEE program available online at the Swiss EMBnet node server (http://
www.ch.embnet.org/index.html), subsequently adjusted by eye with respect to exon boundaries. Alignments are shown as Supplemental Data
at http://www.immunity.com/cgi/content/full/19/2/159/DC1. Amino acid substitution scale is indicated on the left. Branches in evolution trees
were positioned based on receptor/ligand usage and on close physical distances between genes. Human (top) and mouse (bottom) chromo-
somal assignments are superimposed. Drosophila genomic data are also indicated. Common chromosomal locations within each group are
indicated with light-colored boxes with physical distances expressed in Mb, whereas closer physical distances, expressed in Kb, are emphasized
with darker colors. Symbols and abbreviations used for receptor chain representation from N-terminal to C-terminal. EC, extracytoplasmic
region; Ig, immunoglobulin C2-like domain; C4 and (WS)2 motifs of the hematopoietin receptor domain signature are shown by thin and thick
bars, respectively; Fn, type-III fibronectin domain; TM, transmembrane region shown in dark; CP, cytoplasmic region; wider dark boxes in the
juxtamembrane domain, JAK anchoring sites; other wider dark boxes, STAT binding sites. Chromosomal assignments and physical distances
are derived from the human, the mouse, and the fruitfly genome sequence drafts and JAK/STAT usage compiled from Heim (1999) and Leonard
(1999) are also shown.
1p31 (LPT-R). This clustering appears to be conserved IL-23 uses a distinct ligand-specific receptor subunit
designated IL-23R. IL-27 uses a different receptor sub-in the murine genome (see Figure 1). Finally, both Dro-
sophila chains are encoded by genes clustered on band unit, WSX1/TCCR; whether it also uses a shared recep-
tor subunit is unknown (Pflanz et al., 2002).18D12 of chromosome X.
Type I cytokines bound by group 2 receptors include a Finally, leptin (LPT) is the most divergent human group
2 receptor/ligand system, and may represent the ances-subset that use receptors in which gp130 is the common
signaling chain. Within that subfamily, the hematopoietic tral type I cytokine in vertebrates. LPT signals through
homodimerization of its unique receptor chain; the in-cytokines signal through gp130 (or the closely related
chain GCSF-R) homodimerization, whereas the neuro- tron-exon structure of its gene is similar to that of the
neuropoietic cytokines.poietic cytokines signal through heterodimerization of
gp130 with LIF-R or OSM-R (Bazan, 1991). Structurally, Group 3 (Figure 1, yellow), is comprised of receptor
chains with short or no cytoplasmic regions that carryneuropoietic cytokine genes can also be distinguished
by the fact that they are encoded by two exons. In an IgC2 domain at their N terminus, except for IL-27C/
EBI3. IL6-R, IL11-R, and CNTF-R are primary recep-contrast, the IL6-related hematopoietic cytokine genes,
like other type I cytokine genes, are encoded by four tor chains for their cognate ligands that provide high-
affinity binding to their respective gp130-containingexons.
Another subset of group 2 receptor ligands are hetero- receptor complexes. Interestingly, their soluble forms
remain biologically active, implying that these chainsdimeric cytokines that consist of a helical  subunit
bound to a soluble receptor-like  subunit. Among them, are not directly involved in intracellular signaling, but
rather in cytokine-receptor complex formation. On theIL-12 and IL-23 both utilize IL12-R1 as a  subunit,
Immunity
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other hand, although IL-12C (which is also the IL- and use STAT5, except IL-4R, which uses STAT6. Of
the group 5 chains, IL-2R (C) uses JAK3 and IL-13-23C), IL-27C/EBI3, and CLF1 are structurally related
to the soluble type I cytokine receptors, they can be R1 uses TYK2. Whether IL-3R, GM-CSF-R, and IL5-
R signaling is via a JAK other than JAK2 has not beenregarded as the  subunits of heterodimeric cytokines,
together with their cognate helical  subunits. Indeed, resolved.
It is noteworthy that the type II cytokine IFN- formsinstead of being expressed by the target cell like classi-
cal receptor chains, coexpression of both subunits is a dimer that induces its receptor to form a higher order
structure: (IFN-R1)2 (IFN-R2)2. This is reminiscent ofneeded for secretion of the “holocytokine.” These
changes in expression profiles suggest a genetic basis the hexameric organization of the IL6-receptor complex
consisting of two IL-6, two IL6-R, and two gp130 mole-for the functional drift from receptor  chain to cytokine
 subunit. cules. Whether the formation of a dimer of dimers lead-
ing to this stoichiometry is pertinent to other type I cyto-Type I Short Cytokines and Receptors
Among the 13 human short chain type I cytokine recep- kine receptors (e.g., [IL-3R/IL-3R]2) in order to signal
is unknown.tors, we here define two structural groups. Members of
group 4 (Figure 1, blue) have no IgC2 domain but have Gene Clustering
There is a striking clustering of closely related type Ilong cytoplasmic tails, especially IL4-R and IL3-R
(and the mouse IL3-R1 and IL3-R2). Members of cytokine and receptor genes from Drosophila to mam-
mals. In Drosophila, the 100 bp distance between thegroup 5 (Figure 1, green) have IgC2 domains, except for
IL2-R and TSLP-R/CRL2, and all have short cyto- dome and dome2 loci suggests the duplication of the
single ancestral type I cytokine receptor gene found inplasmic tails. In the human, genes for group 5 receptors
all map to chromosome X, except for IL5-R. Interest- the Anopheles genome. Similarly, the three predicted
Drosophila os/upd-related genes, clustered within 60ingly, each short type I cytokine receptor complex is
formed by the association of one group 4 chain, which Kb, may have followed the same process.
In humans, many closely related receptor chain geneshas a long cytosolic region, with one group 5 chain,
which has a short cytosolic regions. are located in the same chromosomal bands, and only
nine of them are isolated in the genome. Because ofGenes for five of the short type I cytokines are clus-
tered within 600 Kb at human chromosomal region 5q31 the preliminary nature of the human genome sequence,
some of the indicated physical distances are not defini-and in the syntenic region on murine chromosome 11,
and were defined earlier as the “IL-4 family” (Boulay and tive. However, the shortest distances between receptor
genes are between gp130 and GLM-R/CRL3 (5q11; 24Paul, 1992). Receptor complexes for the IL-4 family are
formed by the association of either the group 4 receptor Kb); IL12-R2 and IL23-R/CRL5 (1p22; 47 Kb); IL4-R
and IL21-R (16p11; 62 Kb); IL2-R and IL3-R (22q12;IL4-R (IL-4, IL-13), or IL3-R (IL-3, GM-CSF, IL-5) as
common chains, where cytokine specificity is deter- 186 Kb); IL11-R and CNTF-R (19p12; 200 Kb); and
LIF-R and OSM-R (5q13; 365 Kb). Analysis of the mousemined by a group 5 chain (IL13-R1 for IL-13; IL5-R
for IL-5; GMCSF-R for GM-CSF; IL3-R for IL-3). In the genome reveals the conservation of gene clustering be-
tween both mammalian species (Figure 1). Of note, bothmouse, IL3-R1/AIC2B is the true ortholog of the human
IL3-R, whereas IL3-R2/AIC2A is a  chain specific for murine IL3-R genes, likely to derive from a mouse-
specific IL3-R gene duplication, lie 29 Kb from eachIL-3. In contrast, the other short helical cytokines use
the group 5 chain IL2-R as a common chain (except other in the vicinity of IL-2R, like human IL3-R and
IL2-R.TSLP, which uses TSLP-R instead) and a group 4 chain
for cytokine specificity (IL7-R for IL-7 and TSLP; IL9- This gene clustering is also true to a lesser extent for
type I cytokine genes. Indeed, the most striking exam-R for IL-9; IL2-R for IL-2 and IL-15; IL21-R for IL-
21). Of note, the high IL-4 binding affinity of either form ples are the GH/CS (chorionic somatomammotropin)
gene complex on 17q22 within 50 Kb (Barsch et al.,of IL-4 receptor complex (IL4-R/IL2-R or IL4-R/IL13-
R1) is driven by the IL4-R chain. This suggests that IL-4 1983), and the clustering of the five genes of the IL-4
family on 5q31 within 600 Kb (Boulay and Paul, 1992).is also part of this latter subfamily of type I cytokines.
JAK/STAT Usage Also, the LIF and OSM genes are located 17 Kb apart
on 22q12, and the IL-2 and IL-21 genes are separatedTyrosine phosphorylation upon type I cytokine receptor
activation is mediated by JAK family tyrosine kinases. by 244 Kb on 4q26. Again, this gene organization is
conserved in the mouse genome, with the exception ofJAKs physically interact with two tandem anchoring
sites located at the juxtamembrane domains of all sig- the PRL and GH genes. PRL is in a 1 Mb-wide murine
PRL/CS gene complex, whereas the single murine GHnaling hematopoietin receptors. This complex activates
latent cytosolic STAT transcription factors by tyrosine gene is located on a different chromosome.
Although additional human type I cytokine receptorsphosphorylation, resulting in STAT dimerization and nu-
clear translocation (Leonard, 1999; Heim, 1999; O’Shea have been identified by the presence of conserved mo-
tifs and structural similarities, the poor sequence homol-et al., 2002). The human genome encodes four JAKs
and seven STATs. Interestingly, defined receptor groups ogies did not initially allow the identification of novel
type I cytokines, especially cognate ligands for orphanshow some homogeneity in the usage of JAK/STAT sig-
naling mediators. Group 1 receptors signal through receptors. Only an alternative method based on second-
ary structure predictions was fruitful for the isolation ofJAK2 and STAT5, group 2 receptors mostly signal
through JAK2 and STAT3 (except IL12-R2), whereas IL-27 (Pflanz et al., 2002). In contrast, searches of the
Drosophila genome based on sequence homologiesgroup 3 receptors are not involved in signaling. Among
the short type I cytokine receptors, group 4 chains bind suggested the existence of three potential type I cyto-
kines and two receptors, whereas a unique dome/mom-JAK1, except IL3R, which utilizes JAK2 for signaling,
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pothesis of a phylogenetic expansion of type I cytokines
and receptors is consistent with the observation that
the most striking difference in gene content between
insects and higher vertebrates relies on the expansion
of the number of genes involved in acquired immunity.
Interestingly, a preliminary analysis suggested that the
Fugu rubripes genome may encode fewer short type I
cytokine receptor chains than the human (J.-L.B., un-
published data). This suggests that tandem gene dupli-
cations that potentially expanded the number of genes
encoding short type I cytokines and receptors such as
the IL-4 family may have occurred later in evolution than
long type I cytokines and receptor expansion. Thus,
emergence and expansion of these protein families
throughout evolution may be an additional witness of
the development of acquired immunity in higher verte-
brates.
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